The effect of dietary electrolyte balance (DEB), energy source (ES), and length of feeding of nitrogen-free diet (NFD) on ileal endogenous amino acid (EAA) loss in mg/kg dry matter intake (DMI) was evaluated in broiler chickens. In Experiment 1, 720 chickens consisting of 15 replicate cages with 6 chickens/replicate were used. Treatments were arranged in a 2 × 2 × 2 factorial and consisted of 4 NFD with 2 levels (low or high) of DEB and 2 ES [corn starch (CS) or dextrose (DX)], and 2 sampling time-points (diets were fed for either 72 h (d 16 to 19) or 120 h (d 16 to 21). Experiment 2 used 360 chickens in a 2 × 2 factorial arrangement of treatments with 2 levels (low or high) of DEB and 2 ES (CS or DX). Diets were fed for 72 h (d 18 to 21). All birds had access to feed and water on an ad libitum basis. Data were analyzed using the GLM procedure of SAS appropriate for a completely randomized design for a factorial arrangement of treatments. For Experiment 1, there were interactions (P < 0.05) between the 3 main factors for nitrogen and all the AA except Trp. Broilers that were fed DX-based NFD with high DEB for 72 h had the highest (P < 0.05) EAA losses. In Experiment 2, there was no interaction between DEB and ES except for His and Lys. When ileal EAA losses from birds fed the low DEB, CS-based NFD were used to standardize apparent ileal digestibility values from a previous study, there was no effect of length of feeding on standardized ileal AA digestibility values. In conclusion, DX-based NFD with high DEB increased endogenous AA loses. Despite differences in ileal EAA losses from CS-based NFD, standardized ileal AA digestibility values were not influenced by the length of feeding of NFD. Based on the results from these studies, NFD could be fed for 72 h without influencing SIAAD values.
INTRODUCTION
Broiler nutritionists rely on diets formulated on a digestible amino acids (AA) basis. Despite the fact that diet formulation based on apparent ileal digestibility has been widely used for a long time, broiler diet formulation has been moving towards formulation on standardized or true ileal AA digestibility basis. This movement away from apparent digestibility is significant because of several advantages that diet formulation on standardized ileal amino acid digestibility (SIAAD) bases offers. These advantages include a reduction in nitrogen (N) excretion because AA contents of broiler diets would be formulated to closely meet requirements as well as the fact that basal ileal endogenous amino acids (EAA) that is found in the digesta are accounted for. Secondly, with information on SIAAD values of several ingredients, it is possible to efficiently use several sources of alternative feed ingredients in broiler diets without compromising performance and could also lead to a reduction in feed cost. These and other advantages could only be realized if ileal EAA losses are accurately determined.
Several methods have been used in estimating ileal EAA losses in poultry with the regression method (Rodehutscord et al., 2004; Adedokun et al., 2007; Golian et al., 2008) and the use of nitrogen-free diet (NFD) (Ravindran et al., 2004; Kong and Adeola, 2013; Adedokun et al., 2016) being the most common methods. The regression method of estimating ileal EAA losses requires at least 3 times the number of birds (or replicates) as the NFD. However, feeding of NFD is not physiological and this explains why 3351 it is usually fed for between 4 and 5 d in poultry (Ravindran et al., 2004; Adedokun et al., 2007; Kong and Adeola, 2013) .
Furthermore, differences exist in the nature of NFD that have been used to estimate EAA losses (Adedokun et al., 2011) . Factors such as the dietary electrolyte balance (DEB) and energy source (ES) in different NFD vary between and in some cases within labs (Adedokun et al., 2008; Golian et al., 2008; Kong and Adeola, 2013) . Available information shows that these factors could influence EAA losses values in broiler chickens (Kong and Adeola, 2013; Adedokun and Applegate, 2014) . It has been established that, ileal EAA losses are higher in 21-d-old broilers that were fed dextrose-based NFD (no corn starch [CS]) compared to CS-based NFD or a combination of CS and dextrose (Kong and Adeola, 2013) while no effect of sources of energy in NFD was observed in pigs (Kong et al., 2014) .
Dietary electrolyte balance is another factor that has been shown to vary widely with different NFD. This could be as high as 250 mEq/kg (Golian et al., 2008) or as low as 117 mEq/kg (Kong and Adeola, 2013) . Dietary electrolyte balance has, however, been shown to significantly increase ileal EAA losses in 48-d-old broilers (Adedokun and Applegate, 2014) . Other dietary factors, such as experimental animal, feed intake, ingredient composition of the NFD, dietary fiber level, and fiber type, that may influence ileal EAA losses in poultry and swine were discussed in the review by Adedokun et al. (2011) and Adeola et al. (2016) .
If NFD can be fed for a shorter period of time than is currently being fed, it would reduce the length of time birds are fed a diet that is devoid of N. Feeding NFD over a shorter period of time may decrease body weight (BW) loss. Therefore, the objective of these studies was to evaluate the effect of length of feeding of NFD in combination with 2 dietary energy sources and 2 levels of DEB on ileal EAA losses in broiler chickens.
MATERIALS AND METHODS
All practices of animal care and experimental procedures followed the standard operating procedures for the animal facility as approved by University of Kentucky Animal Care and Use Committee. There were 6 birds/cage (0.61 × 0.51 × 0.36 m) and all birds (male Cobb 500) were raised in battery cages in an environmentally controlled room with 20 h of light and 4 h of dark.
Experimental Diets and General Bird Husbandry
A total of 4 NFD were used in this study. Two of the NFD were CS-based while the remaining 2 diets were dextrose-(DX-) based. Each of the 2 energy sources were formulated to contain low (106 mEq/kg diet) or high (208 mEq/kg diet) DEB. The different levels of DEB were obtained by manipulating the level of NaHCO 3 in the diets. The ingredient composition and analyzed nutrient contents of the diets are reported in Tables 1 and 2 , respectively. Each of the 4 diets was mixed separately, but the diets fed in Experiments 1 and 2 were mixed at the same time. Titanium dioxide was added to the diets at 5 g/kg diet. At the end of the studies, birds were euthanized by asphyxiation with argon gas.
Experiment 1
A total of 720 d-old broiler chicks (Cobb 500; average BW = 44 g) were obtained from a local commercial hatchery and fed a standard corn-soybean meal-based broiler starter diet that met or exceeded nutrients and energy requirements (NRC, 1994) for birds of this age. All birds were on the broiler starter diet until d 16, after which the starter diet was replaced with the experimental diets (Table 1) . On d 16, all birds were weighed (average BW = 565 g) and randomized to cages in a completely randomized design with 6 birds/cage and 15 replicate cages/treatment. To allow for enough digesta for chemical analysis, digesta from 2 or more cages were pooled leading to a total of 6 or 7 replicate cages per treatment.
There were a total of 8 treatments in a 2 × 2 × 2 factorial arrangements of treatments. The factors were length of feeding (72 h or d 16 to 19, and 120 h or d 16 to 21), DEB (low or high), and energy source (CS or DX). Ileal digesta from the ileum (between 2 cm posterior to the Meckel's diverticulum and 2 cm anterior to the ileo-cecal-colonic junction) was flushed with distilled water into pre-labeled clean plastic containers on d 19 (for the 72 h sampling) or d 21 (for the 120 h sampling). Digesta from birds within each cage were pooled. Samples were kept on ice for about 15 min and immediately stored at -20
• C until freeze-dried. Diets were ground to pass through a 0.5-mm screen using a mill grinder (Retsch ZM 100, Retsch GmbH and Co., K.G., Haan, Germany). Ileal digesta were ground using coffee grinder. Both the diets and ileal digesta were analyzed for DM, titanium, N, and AA while the diets were also analyzed for Na, K, and Cl.
Experiment 2
A total of 360 d-old male Cobb 500 broiler chicks were obtained from the same hatchery and treated in the same manner as described for Experiment 1 until d 18, when they were weighed individually and randomized to cages in a completely randomized design with 6 birds/cage and 15 replicate cages/treatment. To allow for enough digesta, digesta from 2 or more cages were pooled leading to a total of 7 replicate cages per treatment.
There were a total of 4 treatments in a 2 × 2 factorial arrangement of treatments. The factors were DEB (low or high) and energy source (CS or DX). On d 21 (72 h sampling), digesta from the ileum, as described for Experiment 1, were flushed with distilled water into pre-labeled clean plastic containers. Digesta from birds within each cage were pooled. Samples were treated (including storing, drying, and grinding) the same way as described above for Experiment 1. Samples were analyzed for DM, titanium, N, and AA.
Chemical Analyses
The DM contents of the 4 NFD and ileal digesta samples were determined by drying the samples at 110
• C overnight for 16 h (method 934.01; AOAC International, 2006) . Nitrogen contents of the diets and ileal digesta were determined by the combustion method (model FP2000, Leco Corp., St. Joseph, MI; AOAC International, 2000; method 990.03), with EDTA as the internal standard. Titanium and AA contents of the diets and ileal digesta were determined at University of Missouri Experiment Station Chemical Laboratory (Columbia, MO). Preparation and analysis of AA [method 982.30 E (a, b, c) ; AOAC International, 2006] in diets and ileal digesta were as described by Adedokun et al. (2012) . Titanium concentrations in diets and ileal digesta were determined by flame atomic absorption spectroscopy after the samples were digested using concentrated sulfuric acid and processed as described by Myers et al. (2004) .
Sodium, K, and Cl (by titration method) concentrations in the diets were also determined (AOAC International, 2000; method 976.25) . Due to low quantity of ileal digesta, 2 or more cages within each treatment were combined resulting in either 8 or 7 replicate cages/treatment.
Calculation and Statistical Analysis
Ileal EAA losses were calculated using the following formula:Ileal EAA losses (mg/kg of DMI) = (
where Ti i represents the concentration of titanium in the diet in grams per kilogram of DM; Ti o represents the concentration of titanium in the ileal digesta in g/kg of DM output; N o represents the concentration of N or AA in ileal digesta in mg/kg of DM.
The ileal EAA losses value obtained for birds that were fed the low DEB, CS-based-NFD (from d 16 to 19 and 16 to 21 for Experiment 1 and d 18 to 21 for Experiment 2) were used to standardize apparent ileal N and AA digestibility values from the unchallenged (NCH) birds in Adedokun et al. (2016) using the following formula:
Standardized ileal amino acid digestibility, SIAAD, (%) = AID (%) + [100 × (basal IEAA flow in g/kg of DMI)/(AA content diet in g/kg of DM)]where AID = apparent ileal N or AA digestibility.
Dietary electrolyte balance, in mEq, was calculated as the mEq of Na + mEq of K -mEq of Cl. The mEq value of each of Na, K, and Cl was determined using (Y% × 10,000)/molecular weight of Y, where Y is the percentage of Na, K, or Cl in the diets.
The proportional increase in ileal EAA losses with increasing length of feeding was calculated using the formula below:
Proportional increase in ileal EAA losses, % = [(120 h EAA loss -72 h EAA loss)/(72 h EAA)] x 100.
For Experiment 1, data were analyzed using the GLM procedure of SAS (SAS Institute Inc., 2006) appropriate for a 2 × 2 × 2 factorial arrangement of treatments. The 3 factors were DEB (low vs. high), energy source (CS or DX), and length of feeding (72 h vs. 120 h). For Experiment 2, data were analyzed using the GLM procedure of SAS (SAS Institute Inc., 2006) appropriate for a 2 × 2 factorial arrangement of treatments. The 2 factors were DEB (low vs. high) and energy source (CS or DX). Birds in Experiment 2 were fed for 72 h (d 18 to 21). The main effects of each of the factors were tested for interaction. Whenever the interactions were significant, simple effects were reported otherwise, main effects were reported. Cage served as the experimental unit with significance level set at P ≤ 0.05 and a tendency for significance was set at P ≤ 0.10. To test for the effect of length of feeding on SIAAD, ileal EAA losses from birds fed CS-based low DEB NFD were used to standardize apparent ileal N and AA digestibility data from Adedokun et al., 2016 (d 21 unchallenged group; Table 5 ). Data were analyzed using the GLM procedure of SAS (SAS Inst. Inc. Cary, NC, 2006) as a completely randomized design. Where necessary, means were separated using Tukey's test with level of significance set at P ≤ 0.05.
RESULTS

Experiment 1
There were interactions (P < 0.05) between the 3 factors (DEB, ES, and length of feeding) for all the AA except Trp. Broilers fed DX-based NFD with high DEB for 72 h had higher (P < 0.05) ileal EAA losses compared to other treatments (Table 3) . Total EAA losses in birds fed DX-based NFD with high DEB for 72 h were 84% higher (P < 0.05) than the TAA losses from birds fed CS-based NFD with high DEB for 72 h (11,080 vs. 6,038 mg/kg DMI; Table 3 ). Ileal EAA losses increased with increased feeding length for low DEB CS-and DX-based NFD as well as for high DEB CSbased NFD. However, there was a decrease in ileal EAA loss for all the AA in birds fed DX-based NFD containing high DEB (Table 4) . The order and magnitude of endogenous AA for low-DEB NFD (irrespective of energy source) showed that the proportional increase in endogenous Lys, Met, and Arg loss was the highest, while that of Thr, Trp, and Val were the lowest with increasing length of feeding of NFD (Table 4) . For high DEB NFD diet, Trp, Thr, Val and Ile (DXbased) and Trp, His, and Thr (CS-based) had the highest while Lys, Met, and Arg (DX-based) and Lys, Leu, and Phe (CS-based) had the lowest increase in endogenous losses with increased feeding length (Table 4) . For the nonessential AA, Ala and Gly (low DEB CS-based) and Tyr and Ala (low DEB DX-based) and Cys and Tyr (high DEB) had the highest increase with increased length of feeding (Table 4) .
Experiment 2
There was no interaction between DEB and ES except for His and Lys (Table 5) where birds on CS-based NFD with high DEB had the lowest (P < 0.05; Lys) or highest (P < 0.05; His) loss (data not shown). High DEB resulted in higher (P < 0.05) endogenous N, His, and lower (P < 0.05) Lys losses. The effect of energy source was significant for N, Arg, His, Lys, Thr, and Pro, (Table 5 ). Ileal EAA losses were different in broilers fed low DEB CS-based NFD (Table 6 ). Losses were higher (P < 0.05) when the NFD was fed for 120 h (d 16 to 21) compared to 72 h (d 19 to 21; Table 6 ). There was no difference in ileal EAA losses in birds fed the CS-based NFD for 72 h (i.e., from d 16 to 19 or d 18 to 21). Despite a 22 or 41% decrease in TAA losses (6,372 vs. 7,774 or 5,508 vs. 7 ,774 mg/kg DMI), there was no difference in SIAAD values of the diet when ileal EAA losses from the 3 different lengths of feeding were used to standardize apparent ileal AA digestibility values (Table 6 ).
DISCUSSION
Corn starch and dextrose are 2 common sources of energy that have been used in NFD to estimate ileal EAA losses. These feed ingredients form significant portion of the NFD and could influence EAA flow into the gastrointestinal tract. Unlike dextrose, which is a monosaccharide, CS is comprised of several glucose units that are linked together by α-1,4 to form amylose (which is linear) or α-1,4 and α-1,6 to form amylopectin (which is branched). Between 70 and 80% of the starch found in cereals is amylopectin (Rooney and Pflugfelder, 1986) . Although both the CS and dextrose are sources of energy, their physico-chemical properties could influence their digestion and absorption as well as the level of gastro-intestinal secretions. This effect has been demonstrated in broiler chicken by Kong and Adeola (2013) where dextrose resulted in a significant increase in EAA loss with 37% more total ileal EAA losses compared to CS. In the same study (Kong and Adeola, 2013) , dextrose resulted in significantly higher DM digestibility compared to CS (88.0 vs. 77.9%). However, there was no difference in the effects of CS or dextrose on ileal EAA losses and DM digestibility in pigs (Kong et al., 2014) . Furthermore, most of the available information shows that the DEB of most of the NFD that have been used to estimate ileal EAA losses varied widely as reported by Adedokun et al., (2011) and in one case, high DEB have been shown to result in increased ileal EAA losses in broilers (Adedokun and Applegate, 2014) . One weakness of the NFD method in estimating ileal EAA losses is that it is not physiological, and hence the fewer the number of days birds are exposed to this diet, the better. Based on these, the objective of this study was to evaluate the effect of different energy sources, different levels of DEB, and different lengths of feeding of NFD on ileal EAA losses in broiler chickens.
In the current study, a combination of high DEB and dextrose when fed for 72 h resulted in significant increase in ileal EAA losses. High DEB (Adedokun and Applegate, 2014) and dextrose (Kong and Adeola, 2013) have been shown to increase ileal EAA losses in broiler but the effects of these when the length of feeding is shortened from 5-to 3 d has not been investigated. Results from this study showed that irrespective of the DEB level and the length of adaptation to the diets, EAA losses and SIAAD values were generally not different. Likewise, the values for birds fed dextrosebased NFD with high DEB were not different from the CS-NFD based birds. Based on the results from this study, ileal EAA losses are only influenced by the length of feeding when the NFD is dextrose-based with high DEB. Based on our observation during sampling, the intestine (especially the mid gut) of the chickens on dextrose-based diets were bigger than those on CSbased diets. One plausible explanation for the higher EAA losses in the dextrose-based NFD with high DEB is that the high DEB in the presence of dextrose increased the proportion of mucin in the digesta hence the higher level of EAA loss. The difference (120 h -72 h) between CS and dextrose when the birds were exposed for 72 or 120 h to NFD containing low DEB, were similar with an average of 16% (CS with low DEB) and 16% (dextrose with low DEB) for essential AA and 19% (CS with low DEB) and 18% (dextrose with low DEB) for non-essential AA. With CS-based NFD containing low DEB, Lys was the AA that showed the greatest increase (25%) with increased feeding length while it was Met (27%) in the case of dextrose-based NFD. These numerical increases were as a result of increase in the length of feeding of NFD. In contrast to this, the difference (120 h -72 h) in ileal EAA losses in broilers fed a CS-based NFD with high DEB was half of what was observed for birds on similar treatment but with low dietary DEB (8 vs. 16-essential and 9 vs. 19-nonessential mg/kg DMI). The highest percent increase in ileal EAA loss in birds fed CS-based NFD with high DEB was found in Trp (29%) compared to 1% in similar treatment but with low DEB. A significant finding from this study is that there was a change in the amount of ileal EAA losses produced when broilers were fed a dextrosebased NFD with high DEB. In this case, unlike what was observed in the other treatment groups, feeding of this diet (dextrose-based NFD with high DEB) for 72 h resulted in significant increase in ileal EAA losses (59% for total AA) compared to 120 h of feeding. Although an earlier study in older (48-d-old) broilers showed an increase in ileal EAA losses when the birds were fed a NFD containing a mixture of CS and dextrose for 120 h, the current study showed that in 21-d-old broilers dextrose-based NFD with high DEB fed for 72 h would result in almost twice as much EAA that is produced. In terms of order of AA found in the digesta of birds, more Trp, Thr, and His (essential) and Cys, Pro, and Tyr (nonessential) was lost when the high DEB diet was fed for 72 h compared to 120 h irrespective of the energy source. However, more Lys, Met, and Arg (essential) and Ala, Tyr, and Gly (nonessential) were lost with increasing feeding length.
Data from Experiment 2 showed that there was no effect of DEB on ileal EAA loss when the NFD were fed from d 18 to 21 (72 h) except for N and His, which increased, and Lys that decreased with increase in DEB. The effect of energy source was not significant for most of the AA. However, CS resulted in increased N, His, Thr, and Pro losses while dextrosebased NFD increased Arg and Lys endogenous losses. Generally, there was numerical increases in ileal EAA losses with high DEB across the board in birds fed the same diets (Experiment 1 and 2) except that the diets fed from d 16 to 19 (72 h) compared to d 18 to 21 (72 h) in Experiment 2. The total AA losses were higher (data not presented) for similar treatments in Experiment 1 compared to Experiment 2 by 16% (low DEB CS-based NFD), 27% (low DEB DX-based NFD), 3% (high DEB CS-based diet), and 113% (high DEB DX-based diet). This suggests that high DEB in DX-based diet probably increased the proportion of AA from mucin in the digesta as it has been reported that mucin is a major contributor to AA in EAA (Lien et al., 1997) .
Based on the results from these studies and in order to investigate further if the length of feeding of NFD would influence SIAAD values, we used ileal EAA losses values from birds fed CS-based NFD for 72 h (d 16 to 19 or d 18 to 21) and 120 h (d 16 to 21) to standardize apparent ileal AA digestibility values from an earlier study. Endogenous AA losses were higher in birds fed the NFD for 120 h compared to those fed the same diet from d 18 to 21 (72 h). However, EAA losses in birds fed for 72 h (d 16 to 19 or 18 to 21) were not different. These data were used to standardize apparent ileal AA digestibility values from data generated earlier in our lab (Adedokun et al., 2016) . What we found was that irrespective of the length of feeding of CS-based NFD and despite differences in EAA losses values, SIAAD values were not significantly different.
In summary, these studies confirm that factors such as DEB, sources of energy, and length of feeding could influence EAA losses. Despite this, however, the difference in ileal EAA losses as a result of these factors may not be large enough to influence SIAAD values. Hence, the length of feeding of NFD to broiler chickens could be reduced from 5 to 3 d without any significant effect of SIAAD values.
